Dichotomy in geophysical remote sensing is both relative and absolute: while the seismic reflection relates to the impedance contrast, the reservoir properties, such as porosity, relate to the absolute value of the impedance. One way of interpreting the relative in terms of the absolute is to perturb the absolute and calculate the corresponding relative. To accomplish this task in geophysics, the velocity and density curves from an existing prototype well are perturbed according to a likely situation at a different location. A new pseudowell thus created is used to generate synthetic fullwaveform seismograms which are then compared to real data at the location, with the expectation that the similarity in the seismic response reflects the similarity in the reservoir properties.
To create a pseudowell from a prototype, a model is required that would quantify the relation between the changes in reservoir properties and conditions on the one hand and the changes in velocity and density on the other hand. One of the most commonly used such models is fluid substitution where the Gassmann or V P -only equations are employed to predict the elastic changes due to the changes in the original reservoir fluid.
The situation becomes more challenging when one needs to perturb the matrix and frame of the rock, i.e., conduct lithology substitution. In this case, a transform from mineralogy, texture, and porosity to the elastic properties is needed. Unfortunately for the modeler and interpreter, more than one of such transforms may exist in sediment.
Consider, for example, Figure 1 where the sonic P-wave impedance is plotted versus the total porosity for clean sand intervals in five different wells. The data in the lowto-medium porosity range form a trend that can be matched by the Raymer et al. model. This model, however, fails to describe the trend formed by the data in the high porosity range where the appropriate transform comes from the uncemented sand/shale model of Dvorkin and Nur. The example implies that a rock physics transform has to be developed in the context of a specific depositional and diagenetic environment.
Impedance and porosity. An impedance-porosity transform does not necessarily have to come from a physics-based model. Instead, a statistical fit may often suffice. Statistical fitting is appropriate where the data span a sufficient range and the trends are well-pronounced, such as in Figure 2 , where the impedance-porosity relation is obvious for both sand and shale.
In certain depositional environments, however, impedance-porosity trends may not be so obvious as in Figure 2 and thus not amenable to statistical treatment. Consider, for example, data in Figure 3 where the measured P-and S-wave impedance is plotted versus the total porosity for an oil well drilled in a fluvial sand/shale sequence (see the log curves in Figure 4 ). Evident in the crossplots is the expected general increase in the impedance with the decreasing porosity. Yet, the significant spread of the data prohibits statistical fitting.
Influence of lithology.
A clear impedance-porosity trend is absent in Figure 3 because not only the porosity but also the mineralogy affects the elastic properties of sandstone. Such a combined influence of porosity and clay content has been implicitly documented in the early works of Wyllie et al. on the clay content. This influence has been explicitly documented, among others, by Han, based on a large number of laboratory velocity measurements in consolidated sandstone. The rule is that at fixed porosity, the larger the clay content the smaller the velocity.
INTERPRETER'S CORNER
To uncover the effects of porosity and clay in the data set under examination, let us first bring the data to the common fluid denominator. This is done by theoretically substituting the in-situ pore fluid with the formation brine throughout the well and calculating the corresponding elastic properties and density (see "wet" impedance and Poisson's ratio curves in Figure 4 ). Fluid substitution is needed to reduce by one the number of variables that affect the V P , V S , and bulk density by removing the pore-fluid effect from the data.
The "wet" P-and S-wave impedance color-coded by GR is plotted versus the total porosity in Figure 5 . A definite pattern emerges from the data: at fixed porosity, the more clay in the rock the smaller the impedance.
Deterministic rock physics modeling. Physics-based determinism is usually accepted with more confidence than blind statistical fitting simply because extrapolating a statistical trend outside the range of the data used or exporting the trend into a different geographical location and depositional environment may be invalid and risky. A deterministic rock physics model can be either empirical or effective-mediumbased. The critical requirement for a model is that it be predictive.
For example, an inclusion-based theoretical model where the aspect ratio of the inclusions or aspect ratio distribution between various mineral components have to be changed every time a new data set is encountered is not predictive. Conversely, a model based on extensive empirical material that has been systematically confirmed by new data years after it was proposed is predictive. Such a model was proposed by Raymer et al. in 1980. This model simply states that the P-wave velocity in sediment (V P ) depends on the speeds of sound in the mineral phase (V m ) and fluid phase (V f ), and on the total fractional porosity (φ):
The mineralogical composition of the rock affects V P through V m , which depends on the proportion of, e.g., quartz and clay in the mineral phase.
Another robust empirical model is the mudrock line of Castagna et al., proposed in 1985, which relates V S to V P as V S = 0.862V P -1.172, where the velocity is in km/s. This model works well in fully water-saturated sands and shales and has been later generalized by Greenberg and Castagna to include other lithologies. By using fluid substitution, one may make this model applicable in rock with hydrocarbons.
The combination of Raymer's and Castagna's models (RC) explains the data under examination: Consider the overlay of the RC constant-clay-content curves upon the data in Figure  5 . The "pure" sand data lie between the zero and 0.2 clay content curves and can be best described by the 0.1 clay content curve. As the clay content (GR) increases, the clean sand becomes shaley sand and the data traverse the constant-claycontent curves toward lower porosity. The turning point is at about 0.4 clay content and 0.1 total porosity. This is the critical point where shaley sand becomes sandy shale.
As the clay content continues to increase, the total porosity increases as well until it reaches about 0.22 which is the total porosity of "pure" shale. It is remarkable that the total porosity of the "pure" shale end-member is almost the same as that of the "pure" sand end-member. At the same porosity, the shale is slower than the sand.
What if. The deterministic rock physics model thus established can be used in forward modeling of the seismic response. Consider an interface where the upper half-space is shale and the lower one is sand. The AVO response can be computed θ, where R PP is the P-to-P reflection; θ is the incidence angle; and 6v is the Poisson's ratio contrast between the upper and lower half-space.
The impedance and Poisson's ratio values needed for AVO modeling depend on porosity, lithology, and fluid, and are determined by the rock physics model selected. For the well data under examination, the domains occupied by shale and wet, oil, and water sand in the impedance-Poisson's ratio space, according to the RC model, are shown in Figure 6 , left.
In this example, the total porosity range within the shale domain is from 0.05 to 0.25 and the clay content range is from 0.35 to 0.95. These ranges for the sand are from 0.10 to 0.30 and 0.05 to 0.20, respectively. The wet, oil, and gas sands occupy different domains. As could be expected, the well log data under examination fall within the domains prescribed by the RC model for the oil sand. Now we can exploit the model by changing the pore fluid as well as the total porosity and lithology and calculating the corresponding AVO response. For example (Figure 6, top row) , an interface between medium-porosity shale and high-porosity oil sand produces a negative intercept and an almost nonexistent gradient; an interface between the same shale and medium-porosity oil sand (as in the well) results in a Class-2 AVO response; and an interface between the shale and lowporosity oil sand results in a Class-1 AVO response.
An interface between the shale and medium-porosity wet, oil, and gas sand results in a weak normal reflection (Class-2 AVO) and a negative gradient whose absolute value increases as the pore fluid changes from water to gas (Figure 6 , middle row).
By using the same approach, we may assess the effect of the shale type on the seismic response ( Figure 6 , bottom row). An interface between high-impedance shale and mediumporosity oil sand produces a weak Class-4 AVO response, while interfaces between moderately compacted shale and oil sand, and soft shale and oil sand produce Class-2 and Class-1 AVO responses, respectively.
Deposition-imposed constraints. The RC model, as illustrated by Figure 6 , allows for an enormous number of for- ward-modeling scenarios. Fortunately, in the fluvial system under examination, this number can be significantly reduced. Consider Figure 7 where the total porosity and water saturation are plotted versus GR. The plots indicate that, in fact, these parameters cannot vary independently of each other. This is due to the pore-filling-shale (or dispersed clay) mode of porosity reduction present in the system under examination. As the shale (clay) content increases, the small shale particles fill the pore space between the relatively large sand grains thus reducing the total porosity (see cartoon in Figure 7 ). At the critical point, where shaley sand turns into sandy shale, the entire pore space between the sand grains is filled with shale. The total porosity at this point is still larger than zero because the shale itself has nonzero intrinsic porosity. As the sediment becomes still shalier, the sand grains appear suspended within porous shale, which translates into increasing total porosity and decreasing velocity.
Unsurprisingly, as the sand particles become augmented and eventually replaced by the shale particles, the pore size becomes smaller and the capillary forces become larger. This process translates into the increasing irreducible water saturation which quickly approaches 100% in shaley sand.
The "banana" or "horseshoe" plots, similar to the one shown in Figure 5 between porosity and GR, have been documented in petrophysical (Marion, Yin, and Dvorkin and Gutierrez) and, even earlier, in chemical engineering literature as characteristic of mixtures of particles of two sufficiently different sizes (sand and shale in this example).
These dependencies among lithology, total porosity, and water saturation, determine, in fact, deposition-imposed constraints in forward-modeling scenarios. For example, in the fluvial system under examination, no clean hydrocarbon-saturated sand of 10% porosity can be present. At this low porosity, sand is shaley and can only be saturated with water.
Lithology substitution. A deposition-consistent connection between lithology, porosity, and fluid, combined with a model that relates these three variables to the elastic properties, allows for lithology substitution. As an example, consider replacing the pay sand present in the original well with shale whose GR is about 80 and the total porosity, according to the porosity-GR crossplot in Figure 7 , is about 0.15. The clay content in this shale is about 0.5 as opposed to 0.05 -0.15 in the original pay sand. Also, according to the watersaturation-GR cross-plot in Figure 7 , the shale that replaces the pay sand is fully water-saturated.
Once the mineralogy, porosity, and pore fluid are known and deposition-consistent, we can use the RC model to calculate the elastic properties in the pseudowell generated from the original well by lithology substitution.
The resulting curves displayed in Figure 8 indicate that the impedance in the shaley pseudowell is essentially the same as in the original oil-producing well. As a result, the use of normal-incidence or stacked seismic data may not help in discriminating sand from shale. On the other hand, as illustrated by the synthetic AVO curves in Figure 9 , the use of offset data should be instrumental in delineating reservoir sand.
Pay delineation and porosity mapping. The rock physics model developed here can also be used with impedance inversion. First, a Poisson's ratio volume is calculated from the P-and S-wave impedance volumes. This Poisson's ratio volume is thresholded to highlight the small values and, by so doing, delineate the pay zone (Figure 10, top) . Next, a Raymer-based transform from the P-wave impedance to porosity for oil sand is used to map porosity within the pay zone (Figure 10, bottom) .
Conclusion.
In the core of lithology substitution is a rock physics model that links the changes in lithology, porosity, and pore fluid to the changes in the V P , V S , and bulk density. The model has to be predictive, i.e., reliably applicable outside of the data range covered in the prototype well. To find such a model, a rock physics diagnostic has to be applied to the prototype well to quantitatively explain the observed variations in the elastic properties versus porosity and mineralogy. Local statistical fitting to the data is often not adequate for this purpose. Neither is a theoretical model that employs a significant number of free and frivolously varied parameters.
The other crucial element of lithology substitution is a link between sediment properties and conditions, such as porosity, shale content, and saturation, that honors the rules of geology and deposition.
The use of geology-and deposition-consistent rock physics is a way forward in reservoir characterization away from well control.
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